Rechargeable batteries based on lithium (Li) metal chemistry are attractive for next-generation electrochemical energy storage. Nevertheless, excessive dendrite growth, infinite relative dimension change, severe side reactions, and limited power output severely impede their practical applications. Although exciting progress has been made to solve parts of the above issues, a versatile solution is still absent. Here, a Li-ion conductive framework was developed as a stable "host" and efficient surface protection to address the multifaceted problems, which is a significant step forward compared with previous host concepts. This was fulfilled by reacting overstoichiometry of Li with SiO. The as-formed Li x Si-Li 2 O matrix would not only enable constant electrode-level volume, but also protect the embedded Li from direct exposure to electrolyte. Because uniform Li nucleation and deposition can be fulfilled owing to the high-density active Li domains, the as-obtained nanocomposite electrode exhibits low polarization, stable cycling, and high-power output (up to 10 mA/cm 2 ) even in carbonate electrolytes. The Li-S prototype cells further exhibited highly improved capacity retention under high-power operation (∼600 mAh/g at 6.69 mA/cm 2 ). The all-around improvement on electrochemical performance sheds light on the effectiveness of the design principle for developing safe and stable Li metal anodes.
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Li metal | 3D composite | electrolyte proof | overlithiation | high-power output E xtensive research has been conducted on developing advanced lithium (Li) battery anode substitutes, including silicon (1) (2) (3) (4) (5) , tin (6, 7) , and Li metal (8) (9) (10) (11) (12) (13) (14) (15) , for high-energy applications in portable electronics and electrical transportation. Among all, Li metal is recognized as the most attractive candidate, where its lowest electrochemical potential (Li + /Li = −3.040 V vs. standard hydrogen electrode) and highest theoretical specific capacity (3,860 mAh/g) have attracted broad scientific and technological interest (16) (17) (18) . Despite continuous efforts on Li metal, its practical application has remained stagnant due to many materials challenges. The root causes lie in two aspects: the high chemical reactivity of Li metal and significant dimensional change during charge/discharge, which together generate other observed problems including solid electrolyte interphase (SEI) fracture and dendritic deposition.
Since the advent of Li batteries, great progress has been made in understanding Li metal plating/stripping behavior (8, 9, 12, 19, 20) , preventing Li dendrite formation and penetration (13, (21) (22) (23) (24) (25) , as well as improving Coulombic efficiency (CE) (14, 26, 27) . Although further improvement in ionic conductivity and interfacial contact is still required, solid electrolytes were proven to be efficacious for mitigating dendrite penetration (22, 23, (28) (29) (30) (31) (32) (33) . Developing electrolyte additives is also effective in stabilizing SEI and homogenizing Li deposition (13, 26, 27, 34) , whereas engineering chemically and mechanically stable interfacial layer is also a prominent alternative to stabilize SEI (14) . Although the high reactivity of Li metal has received sufficient attention, the studies were based on dense Li foil, which imposed grand challenges by introducing large dimensional change.
We recently proposed that volume variation is one of the two root causes attracting much recent attention. In contrast to a carbonaceous anode with ∼10% volume change during cycling, "hostless" Li foil in principle exhibits infinite relative volume change during the stripping/plating cycle (35) (36) (37) . On one hand, the enormous volume change generates engineering challenges at the cell level by introducing internal stress. On the other hand, SEI is vulnerable to the moving interface and prone to fracture (19, 38, 39) . Continuous SEI formation during cycling would not only decompose electrolyte and consume Li ion but also accumulate an ionic insulating layer which further blocks the ion transport (40) . Moreover, dendritic and mossy Li arisen from uneven Li-ion flux might penetrate through the separator and cause an internal short circuit, triggering the danger of thermal runaway and explosion hazards (18) . During the stripping process, dendritic morphology can aggravate the formation of dead Li and thus result in low CE (9, 41) . Moreover, due to the limited accessible active surface of planar Li foil, practical power operation (5-10 mA/cm 2 of current density) with Li metal anodes is not possible at present (16) .
To address these issues, a new direction was recently developed based on the concept of constructing a 3D stable host to store Li metal, which was realized with graphene oxide (35) , nanofiber matrix (36, 37) , and hollow carbon spheres (42) . The as-obtained composite electrodes afford minimized volume change to less than 20% and thus more stable SEI. In addition, by creating a large surface in contact with liquid electrolytes, ion flux can be homogenized so that high-power and dendrite-free operation can be achieved. With the remarkable improvement in performance demonstrated by these examples, we believe that a Significance Lithium metal anode holds great promises for next-generation high-energy lithium battery systems. This work introduces an electrolyte-proof design of three-dimensional lithium metal anode where most of the lithium domains are embedded in a lithium-ion conductive matrix. In this architecture, the lithiumion conductive matrix can isolate the embedded lithium domains from liquid electrolyte and thus prevent severe initial side reactions, while the matrix can simultaneously transport lithium ion and maintain the electrochemical activity of the embedded lithium. The design principle enables highly stable, high-power, and safe lithium metal anodes with minimal side reactions and negligible volume variation during cycling, which paves the way for viable lithium metal batteries in the future. This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. Email: yicui@stanford.edu.
This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1619489114/-/DCSupplemental. significant step forward is to construct a Li-ion conductive stable host as matrix with embedded Li metal to form the 3D anode. Rather than having high-surface Li in direct contact with liquid electrolyte, which would generate more SEI at the early stage, embedding Li domains inside a Li-ion conducting matrix would protect the highly reactive Li from excess side reactions at the early stage, while simultaneously guaranteeing the electrochemical activity of the Li. We would expect such a concept to hold not only the merits of previous 3D anodes, but also to provide a preengineered Li surface protection to alleviate the initial side reactions.
Herein, we developed a facile chemical synthesis method to realize such a Li-ion conductive nanocomposite electrode (LCNE). By having SiO reacted with an overstoichiometric amount of Li, we are able to obtain a Li x Si-Li 2 O matrix with embedded Li domains, where the matrix can conduct Li ion and protect the metallic Li. With the structure, a negligible volume change, reduced initial side reactions, and stable high-current operation up to 10 mA/cm 2 can be simultaneously obtained where the performance parameters are unprecedented. In addition, a highly improved rate capability in Li-S prototype cells was further demonstrated. We believe the design principle in 3D Li architecture will offer exciting opportunities for developing stable Li metal anode and pave the way for the nextgeneration high-energy Li batteries.
Results and Discussion
Stable Electrode Dimension and Dendritic Suppression. Fig. 1A schematically shows the open-framework architecture of 3D Li with stable host that was used previously by most of the works (35) (36) (37) , where Li was coated onto a scaffold that serves as the stable host. Under this circumstance, Li would be exposed directly to the liquid electrolytes in a cell, which would further bring about severe side reactions at the initial stage. Despite the fact that SEI can be stabilized in the later cycles by minimized dimensional change and more uniform deposition, excess initial SEI formation is still undesired. A better alternative to this design is an electrolyteproof embedded Li as shown in Fig. 1B . In this design, Li-ion conductive materials are exploited to construct the host, whereas most of the Li domains are embedded in the matrix without direct contact with liquid electrolytes. Nevertheless, because of the Li-ion conduction capability of the matrix, the embedded Li domains are still electrochemically active. As a consequence, the merits of 3D Li would still hold whereas initial side reactions would be highly reduced.
Our synthetic strategy on the abovementioned structure is to use overstoichiometric reaction of Li with SiO or "overlithiation" of SiO, extended from stoichiometric prelithiation with molten Li (43) . In conventional prelithiation studies, stoichiometric amount of molten Li metal was used to chemically convert Si, SiO x , metal oxides, and fluorides into Li x Si, Li 2 O, LiF (43) (44) (45) (46) , and there is no extra Li metal in the final products. Here, an extra amount of Li was intentionally added into SiO, where porous Li x Si + Li 2 O was first obtained as a matrix and followed by the intake of molten Li to the pores.
By screening multiple compounds, it was found that the overlithiation behavior of metastable SiO phase is rather unique. Violent reaction was observed when the overstoichiometric amount of molten Li and submicrometer-sized SiO powder (SI Appendix, , and electrode after stripping and plating back 8 mAh/cm 2 of Li (K). The current density was set at 2 mA/cm 2 for all of the above characterizations.
particle surfaces. Subsequently, the LCNEs were obtained by applying a mechanical press on the powders to afford the pellet electrodes (SI Appendix, Fig. S3 ). The thickness of the LCNEs can be varied by controlling the amount of powder for a certain pressing area. (SI Appendix, Fig. S4 ).
Fig . 1C shows the digital photo of an as-obtained LCNE, which exhibits silvery color with a flat surface. The corresponding magnified scanning electron microscopy (SEM) image indicates uniform surface coverage by nanosized domains of metallic Li (Fig. 1F) , which accounts for the observed color. To study the internal porous structure of the matrix, 8 mAh/cm 2 of Li (∼50% of Li metal capacity) was stripped from the electrode through galvanostatic charging. After Li stripping, the top surface of the electrode exhibited obvious silvery-to-black color change (Fig.  1D) , where the black color may be originated from Li x Si as well as the optical antireflection effect of the nanoporous structure. From the SEM image (Fig. 1G) of the delithiated electrode, submicrometer-and nanosized pores, which were initially occupied by Li, were clearly visualized. The domain size of the matrix is hundreds of nanometers. Afterward, when the 8 mAh/cm 2 of Li was plated back, the silvery color recovered as observed from Fig. 1E . The corresponding surface characterization further showed that almost all of the pores were refilled by Li without obvious Li dendrites (Fig. 1H) .
Electrode thickness variation was also characterized by ex situ SEM study to examine the electrode-level dimension stability after Li stripping/plating. The thickness of LCNEs under three conditions, including pristine (Fig. 1I) , half-stripped (8 mAh/cm 2 , Fig. 1J ), and after one stripping/plating cycle (Fig. 1K) , was measured and compared. To guarantee that each condition had the same initial thickness, the electrodes of the three conditions came from the same original piece, where an LCNE was equally cut into individual segments for each condition. As shown in Fig.  1 I-K, the three conditions exhibited almost identical thickness of ∼138 μm, which demonstrates a near-constant electrode dimension during stripping/plating processes with the Li-ion conductive matrix as the host.
To compare the surface morphology of Li foil and LCNEs after cycling, SEM characterization was conducted after 20 galvanostatic cycles at a current density of 1 mA/cm 2 and a capacity of 1 mAh/cm 2 . The low-magnification and magnified SEM images of the Li foil surface after cycling are shown in Fig. 2 A and  B, respectively. From the low-magnification image, high roughness can be observed, with excessive growth of dendritic Li on the whole surface. This was further confirmed by the magnified SEM image, where loosely stacked Li dendrites and nanofilaments were observed. In contrast, the surface of LCNE after 20 cycles (Fig. 2C) remained consistently flat over a large area. The high-resolution image further indicates more uniform Li deposition (Fig. 2D) . Such stark contrast strongly supports that the LCNE is capable of maintaining stable structure and suppressing dendrite evolution through continuous cycling.
The above experiments all support the uniform Li deposition within the matrix, which can be attributed to the Li-ion conductive nature and thus highly increased active surface of the matrix. For Li foil, only the very top surface can have access to Li ion. As a result, the local ion flux would be too concentrated to enable uniform Li deposition. In contrast, with Li-ion conductive matrix, Li ion can also be transported into the bulk without excessive exposure to liquid, which activates many more Li nucleation sites and reduces side reactions. In addition, with a highly increased number of Li nuclei for further deposition, uneven deposition and thus dendritic growth can also be suppressed.
It is noted that the composites still retain high specific capacity. As shown in SI Appendix, Fig. S5A , when the electrode was delithiated to 1 V vs. Li + /Li, ∼2,250 mAh/g could be extracted (based on the total electrode weight), where Li metal contributed ∼1,300 mAh/g. The phases at different delithiation stages were confirmed by X-ray diffraction in SI Appendix, Fig. S5B , where no Li signal could be observed at stage B (0.15-V cutoff). After the electrode was fully delithiated to 1 V, the structure of the whole electrode could still be maintained (SI Appendix, Fig. S6 ), which demonstrated the dimensional stability and interconnected nature of the matrix.
Fewer Initial Side Reactions and Stable Li Stripping/Plating. To study the electrochemical behavior of the LCNEs, symmetric cells with LCNEs as both electrodes were tested in carbonate electrolyte. Electrochemical impedance spectroscopy (EIS) was first exploited prior to battery cycling to evaluate the initial SEI formation. It is noted that the semicircle obtained at high frequency in this cell configuration can be attributed to the SEI and charge-transfer resistance. Once SEI keeps accumulating over time, augmentation in the resistance can be expected accordingly. Fig. 3A shows the Nyquist plots of an LCNE symmetric cell in the first 12 h. It was observed that the resistance was almost constant through the first 12 h, indicating the prompt passivation of surface by SEI at the initial stage without excess side reactions. In contrast, the resistance of a symmetric cell based on the previously reported layered Li-reduced graphene oxide (rGO) increased gradually in the same time frame (Fig. 3B) , which can be attributed to the high exposure of Li and thus more initial side reactions. In addition, it was found that the resistance of the LCNE symmetric cell is significantly lower than that of the layered Li-rGO counterpart, which indicates that LCNE affords an even larger active Li surface. These facts strongly support that the Li-ion conductive matrix can efficiently isolate the embedded Li from liquid electrolyte and still maintain its electrochemical activity.
The first galvanostatic cycle of both LCNEs and Li foil electrodes was further analyzed. As shown in Fig. 3C , large overpotential was observed for Li foil cells during the initial charging (I, ∼400 mV), followed by a gradual drop in overpotential (gradual decline to ∼100 mV) in the later stage. During discharging, overpotential "bump" was initially shown (II), followed by a plateau with a relatively low overpotential and later discharge overpotential augmentation (III). Fig. 3D schematically shows the mechanisms of the Li stripping/plating behaviors corresponding to the regions I, II, and III in Fig. 3C . The origins of the energy barriers at each stage were marked as yellow (stripping barrier) and red (nucleation barrier) dots on the electrode surface. For the as-assembled cells, the relatively thick native oxide layer and spontaneously formed SEI can block ion transport, which would not only hinder the Li stripping from the bottom electrode, but also hamper the Li deposition on the top, both contributing to the much higher overpotential (region I). At the discharge stage, the freshly deposited Li on the top electrode is rather easy to strip due to the thin asformed SEI layer. However, the concave surface of the bottom electrode covered by thick SEI requires a high-energy barrier for Li nucleation, contributing to the higher overpotential in region II. Afterward, newly grown Li would facilitate further deposition, which reduces the overpotential as shown between regions II and III. Once the Li freshly deposited from the last charging onto the top electrode is exhausted, stripping from original top Li foil beneath the thick SEI is required. This imposes higher energy barrier and leads to the final overpotential augmentation (III).
In contrast, the LCNE symmetric cells showed flat plateaus as well as much lower overpotential at the charging/discharging stages, without an obvious "bump" during cycling. This indicates a lowerenergy barrier for both its nucleation and stripping processes. With continuous Li-ion conductive matrix, high-surface-active Li can serve as a nucleus, enabling 3D Li plating/stripping, which contributes to the observed low-energy barrier. EIS measurements further support the above statements, where LCNE cells exhibited constant low resistance initially and after 10 cycles (SI Appendix, Fig. S11 ). In contrast, the Li foil cells showed large resistance (∼650 Ω/cm 2 ) before cycling, followed by highly reduced resistance (∼85 Ω/cm 2 ) after 10 cycles as a result of native oxide collapse and dendritic Li formation. In addition, consistently low overpotential and flat voltage plateaus can be maintained for the LCNE cells for prolonged cycles (Fig. 3E) . In contrast, the Li foil cells exhibited gradual increase in overpotential through the cycling, which can be attributed to the accumulation of thick SEI and the continuous consumption of electrolyte by the side reactions.
The LCNE cell also exhibits outstanding rate capability and cycling stability at different current density. As shown in Fig. 4A , where the current density is varied from 0.5 to 5 mA/cm 2 , low overpotential from ∼18 mV (at 0.5 mA/cm 2 ) to ∼100 mV (at 5 mA/cm 2 ) can be obtained for LCNEs, much lower than those of the Li foil counterparts. The cycling stability at current density of 1-10 mA/cm 2 was further demonstrated (Fig. 4B) . At 1 mA/cm 2 ( Fig. 4B, Top) , stable cycling with low overpotential of ∼32 mV and flat voltage plateaus was observed through 100 cycles, whereas the Li foil cells showed continuous increase in overpotential from ∼65 to ∼140 mV. In prolonged cycles, the LCNEs still exhibited stable cycling with minimal overpotential increase, whereas the Li foils suffered internal short circuit after ∼160 cycles (SI Appendix, Fig. S12 ). The cycling stability of the LCNEs and the Li foil electrodes diverged even more at further increased current densities of 3 mA/cm 2 (SI Appendix, Fig. S13 ), 5 mA/cm 2 ( Fig. 4B , Middle), and 10 mA/cm 2 ( Fig. 4B, Bottom) , where LCNE continued to afford stable cycling with low overpotential but the Li foil counterparts showed a dramatic overpotential increase over cycles. It is noted that the overpotential of Li foil electrodes started to decrease and fluctuate after tens of cycles, which can be attributed to the internal soft short circuit by Li dendrite propagation. When the cells were cycled at a higher areal capacity of 3 mAh/cm 2 (SI Appendix, Fig. S14 ), the LCNEs can still maintain good stability with low overpotential, whereas the Li foil counterparts exhibited a dramatic overpotential increase followed by internal short circuit after tens of cycles.
The cycle life of Li metal anodes paired with high-areal-capacity Li 4 Ti 5 O 12 (LTO) can be a good indicator of the Coulombic efficiency of Li anodes with extra prestored Li (35, 36) . Here, the LCNEs with areal capacity of ∼12 mAh/cm 2 were paired with LTO (∼3 mAh/cm 2 ), which shows stable cycling without significant decay for at least 90 cycles, outperforming both the Li foil and electrodeposited Li on Cu (SI Appendix, Fig. S16 ).
The cycling test at various current densities was further carried out in ether-based electrolyte. Ether-based electrolyte is generally known to be a much better electrolyte for Li metal anodes because more flexible SEI layer can form to accommodate the surface fluctuation during stripping/plating (48) . As a result, much more uniform Li deposition can already be achieved with Li foil. Nevertheless, the LCNEs can still outperform the Li foils in an etherbased system. As shown in SI Appendix, Fig. S17A , at a current density of 1 mA/cm 2 the Li foil electrode showed high overpotential in the early cycles followed by a gradual decrease. This decreasing phenomenon can be attributed to the dendritic Li growth, which significantly increases the surface area (20) . For LCNE cells, a constantly lower overpotential of ∼15 mV can be obtained throughout the whole 100 cycles. At a high current density of 5 mA/cm 2 (SI Appendix, Fig. S17B ), LCNEs also exhibited stable cycling while the Li foil counterpart showed obvious voltage fluctuation.
Improved Rate Capability of Li-S Batteries. Metallic Li is prominent for Li-S battery systems (16, 49, 50) . With the low-energy barrier and stable LCNE as anodes, we further demonstrated their electrochemical performance in Li-S batteries. Here, 12.5 μL/cm 2 5 M Li 2 S 8 in 1:1 vol/vol 1,3-dioxolane (DOL)/1,2-dimethoxyethane (DME) (2-mg/cm 2 equivalent mass loading of S) was loaded on KOH-treated electrospun carbon nanofibers as the cathodes. A rate capability test with current densities varied from 0.2 to 2 C was carried out (based on theoretical capacity of S 1,673 mAh/g, 1 C = 3.34 mA/cm 2 ). Fig. 5 shows the notable rate capability differences between Li-S cells with LCNEs and Li foils as the anodes. At the early stage with low current density, a high capacity of ∼1,000 mAh/g can be retained for both anodes. However, it is clearly shown in Fig. 5 A and B that the LCNE-S cells exhibited lower overpotential compared with the Li foil counterpart. A more pronounced difference appeared when the current density was further increased. At 2 C, which is equivalent to 6.69 mA/cm 2 , the Li foil-S cell lost its second plateau (Li 2 S 6 →Li 2 S) with cutoff voltage at 1.7 V, which gave rise to a significant capacity drop. In contrast, the LCNE-S cell yielded much better kinetics, with a second plateau of ∼1.9 V even at the high rate of 2C. Fig. 5C clearly shows the capacity retention at different C rates during cycling. For the LCNE-S cell, ∼1,050 mAh/g of specific capacity can be obtained at 0.2 C, whereas at 10-fold higher current density (2 C), the capacity still remained over 600 mAh/g. In contrast, much lower specific capacity retention was observed for the Li foil-S cell especially at high rate as the capacity dropped significantly from ∼950 mAh/g at 0.2 C to less than 100 mAh/g at 2 C.
Conclusions
This work demonstrated a Li-ion conductive matrix as the "host" and surface protection for Li metal anodes to address the active surface versus side reaction dilemma, which was fulfilled by the overlithiation of SiO to yield Li-embedded Li x Si-Li 2 O matrix as the stable electrode (LCNE). The as-obtained LCNE proves highly reduced initial side reactions compared with the previously reported "open-framework" architecture, while constant electrode-level dimension and further homogenized Li deposition were obtained. Although Li was well protected, a larger active surface with even lower impedance was fulfilled by the Li-ion conductive network, rendering low polarization and stable cycling with flat plateaus. This further contributes to the excellent cycling stability with much lower polarization at various current densities up to 10 mA/cm 2 for at least 100 cycles, whereas a similar effect was also attained in an ether-based electrolyte system. By integrating LCNEs into Li-S batteries, highly improved rate capability especially at high current density can be observed. This work creates a design principle as well as material synthesis strategy for Li metal anode and opens up exciting opportunities for the next-generation high-energy, powerintensive Li metal batteries under safe and stable operation.
Materials and Methods
Materials and methods, including overlithiation of SiO, LCNE fabrication, characterizations, electrochemical measurements on symmetric cells, lithium polysulphide (Li 2 S 8 ) solution preparation, and Li-S batteries tests can be found in SI Appendix.
